Neutron dose is transferred to biological materials through the recoil protons produced by elastic scattering. When a low-velocity proton collides with the atoms or molecules of a target, it changes to a hydrogen atom by electron capture; this hydrogen atom then changes to a proton by losing the electron. Because the hydrogen atom has a different ionization cross section from that of a proton, the charge exchange processes need to be considered to calculate stopping power for low energy protons. The proton neutralization effect has been simulated by using a proton track structure code developed by taking into account charge exchange processes. The microdosimetric spectrum for 1 MeV neutrons was calculated by assuming a continuous slowing down approximation (csda) and the results of the proton track code. It was found that hydrogen atoms after proton neutralized by electron capture contribute about 24% to neutron dose.
INTRODUCTION
The proton neutralization effect is interesting in the neutron dosimetry in the radiation biology field. Neutrons transfer energy to biological materials through the recoil particles protons, alpha particles, oxygen-, nitrogen-,. and carbon-ions. In hydrogen containing media such as water and tissue, the most important neutron interaction is elastic scattering with protons; this process accounts for more than 90% of energy transfer. Energies of protons are mainly transferred to the materials by the ionization and excitation processes. However, protons are neutralized to hydrogen atoms according to the electron capture reaction. Recently, several publications are discussed for this study 1, 2) . However, contributions of hydrogen atoms to neutron dosimetry are not clear. To estimate the contributions of the neutralization, a proton track simulation code, taking into account electron capture by protons and electron striping by hydrogen atoms, has been developed 3) . A fraction of the stopping powers, both of protons and hydrogen atoms, are calculated and discussed by using this code. Using the results of a proton neutralization simulation, the microdosimetric spectrum for 1 MeV neutrons for proton-and hydrogen-components are calculated, separately. The results will be useful not only in the neutron dosimetry field of radiation biology, but also in proton therapy.
MATERIALS AND METHODS

Track structure code
The charge-exchange process is taken into account in the proton track code in the low energy region. The proton tracks include 4 types of interactions of ionization, excitation, and electron capture. When the electron capture process occurs, the neutral hydrogen atom is produced. To consider these reactions, total cross sections for proton ( ) and hydrogen ( ) are obtained by
where s ion , s exc , s els , s 10 and s 01 are the cross sections of ionization, excitation, elastic, capture by protons, and stripping of hydrogen atoms, respectively. In this code, we have ignored the higher order of charge-exchange processes such as p H -, etc. For a particle of energy E and a charge state C ( C =1 for proton and C =0 for hydrogen atom), the path length ( x ) to the next interaction is sampled by: (2) where x is a randomized number uniformly distributed in the range (0,1), and n = 334.3 ¥ 10 20 molecules/cm 3 corresponds to the density r =1g/cm 3 . After the flight of x , the occurring reaction type is selected by a randomized number according to the partial cross section ratio to or . 
Occurring ionization event and ejected electron spectra produced by protons and hydrogen atoms are computed by the use of the Rudd formula 4) . To save computation time, angular distributions of ejected electrons were kinematically calculated by (3) where m e is the electron rest mass, M and E are the mass and kinetic energy of the incident particle, and the energy transfer Q is defined in terms of the ejected electron energy e and binding energy B :
For the width of the emission angle, the angular distributions of ejected electrons were calculated by the double differential cross section as:
where a = 3.702, b = -0.4969 and q 0 were determined by Eq.
The energy transfer for electron capture ( Q c ) is given by
where B W and B H are electron binding energies of the water molecule ( B i = 12.62, 14.75, 18.51, 32.4, and 539.7 eV for the 5 subshells, respectively) and the hydrogen atom (13.6 eV), respectively. The energy transfer for the stripping process ( Q s ) by ejected electron, which has an energy Te, is given by
Ejected electrons are also transported in the materials. The total cross section of electrons is expressed by (9) and the same procedure as proton are then used for a flight length of the next interaction by randomized numbers.
Energy transfer for the excitation event is obtained by averaged the values as, of which kinetic and potential events are selected by ejected electron energy and electronbinding energy, respectively, according to fractions of partial ionization cross sections 5) . The fractions of partial ionization cross sections and the binding energies (B i) for water molecule subshells 1b1, 3a1, 1b2, and 2a1 and for the oxygen O1s 
Cross Sections
The elastic scattering cross sections for electrons were calculated by the Rutherford ñformula, taking into account the screening parameters given by Moliere 7) (electron energy, T ≥ 80 keV). Below 80 keV, the cross-section formula proposed by Porter and Jump 8) was used. The excitation cross sections down to 10 eV were calculated by the empirical formula given by Berger and Wang 9) . Below 10 eV, the excitation cross sections were used with a function given by Zaider et al. 10) , which takes into account the vibrational cross sections. A response function taken from the the experimental data of Opal et al. 11) was used for the angular distribution of ejected electrons.
Because of the absence of published experimental data, the elastic cross section for incident proton and hydrogen atoms were assumed to be a universal potential and an effective charge depending on the incident particle velocity 12) . For the excitation cross sections, we adopted the formulation of 12 parameters used for the calculations of the 12 excited states of water molecules by Miller and Green 13) . The cross sections for ionization by protons and hydrogen atoms and the electron capture by protons are assumed to be the cross sections for a mixture of H 2 and O2/2 as water vapor and electron stripping of hydrogen atoms in water vapor 13) . The cross sections , , s01, and s10, are obtained by Green and McNeal 14) and Miller and Green 13) . The difference between the ionization cross sections for water vapor and a mixture of H2 and O2/2 is estimated to be less than 16% 15) . The calculated cross sections are shown in Fig. 1 . The experimental data for ionization, excitation, electron capture, and electron stripping [16] [17] [18] are also plotted in the same figure.
RESULT AND DISCUSSION
Charge state fraction
The charge state fraction is calculated from the number of ionization events by protons (Np) and those by hydrogen atoms (NH). The fraction of proton and hydrogen atom are given by F(H + ) = Np/(Np+NH), and F(H 0 ) =1 -F(H + ), respectively, ignoring the higher order exchange processes. As a result of this calculation, an example of the 0.3 MeV proton track at a direction of z-axis from origin, is shown in Fig. 2 . Diamonds and pluses indicate the ionization and excitation events, respectively. Ionization events by neutral hydrogen atoms are also shown by open circles. It has clearly shown that proton is neutralized near the track-end. The charge state fraction F(H + ) and F(H 0 ) are obtained as shown in Fig.   3 (a), and proton stopping power is decomposed into 'without charge exchange' and 'with charge exchange' components, as shown in Fig. 3 (b) . The charge state fractions are fitted by
. The fitted parameters are a = -23.1 ± 3.3, b = 1.182 ± 0.06, and c = -0.0983 ± 0.02, respectively. These functions are taken into account for the further microdosimetric calculations.
Microdosimetric calculation
Below the MeV neutron energy region, the recoil protons dominate the energy transfer process. A neutron dose of more than 90% is because of the recoil protons. Therefore other recoil particles of heavy nuclei are neglected in this calculation. First, a continuous slowingdown approximation is used for obtaining the recoil proton equilibrium spectra f(E) as 
10)
where N(E) is a primary spectrum of recoil protons 19) . The recoil proton equilibrium spectrum for 1 MeV neutrons in tissue equivalent materials is shown in Fig. 4 . The high energy tail at the energy greater than 1 MeV is due to produced proton by the N(n, p) reactions. According to the recoil proton equilibrium spectra, recoil proton events are uniformly generated in a virtual sphere (radius R = 2.5 mm). The generated protons randomly select a direction and run forward. If the proton track passes through the target sphere (radius r = 0.5 mm), the deposited energy for ith particle ei in the target site is calculated as ei=S(E) ri, by the use of chord length ri, event by event, where S(E) is a stopping power of protons at energy E. The lineal energy; y, is obtained by where is the mean chord length of 4/3 r. Event frequency spectrum; f(y) is calculated over the neutron induced recoil proton spectrum.
Hydrogen contribution in microdosimetric spectrum
By dividing the proton stopping power S(E) into proton contribution Sp(E) and hydrogen contribution SH(E), each contribution of stopping power can be given by
Therefore the event spectrum distribution f(y) is also decomposed into
We calculate the averaged contributions of proton and hydrogen atom for 1 MeV neutron over produced whole of The calculated averaged fractions of proton and hydrogen atom are shown in Fig. 5 . The contributions of protons for 1 MeV neutrons are maximized at around 50 keV/mm. It shows that proton stopping power has a maximum value 70 keV and hydrogen contributions are increased with decreasing recoil proton energy. Figure 6 shows a calculated result of microdosimetric spectrum for 1 MeV neutrons. The dotted curve is total, the chains curve is proton contribution, and the solid curve is hydrogen contribution. The open circles are experimental data 20) . Neglecting heavy recoil components, the calculation for total reproduces well for the experimental data (open circles). The difference in the low lineal energy region below 10 keV/mm is due to the gamma-ray components in the experimental data. The hydrogen contribution increases about 100 keV/mm. The accumulated fraction over lineal energy is also shown in this figure with the right axis. It's obtained that the hydrogen contribution is 24% of neutron dose. The neutron dose by low energy neutrons is dominated by neutral hydrogen. It shows that neutral hydrogen has an important role neutron dose.
